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Abstract

The Ca3,XB206:ny3+ (0.0 < x <0.105) and Cay 95_,Dy,0sB20g:yLi" (0 < y < 0.34) phosphors were synthesized at 1100 °C in air by solid-
state reaction route. The as-synthesized phosphors were characterized by X-ray powder diffraction (XRD), scanning electron microscope (SEM),
photoluminescence excitation (PLE) and photoluminescence (PL) spectra. The PLE spectra show the excitation peaks from 300 to 400 nm is due to
the 4f—4f transitions of Dy>*. This mercury-free excitation is useful for solid state lighting and light-emitting diodes (LEDs). The emission of Dy**
ions upon 350 nm excitation is observed at 480 nm (blue) due to the *Fo), — ®H,s/, transitions, 575 nm (yellow) due to *Foj» — SH,3/, transitions
and a weak 660 nm (red) due to *Fo/, — ®Hj,/, emissions, respectively. The optimal PL intensity of the Ca;_,B,0g:xDy>* phosphors is found to be
x=0.05. Moreover, the PL results from Caj gs_,Dy00sB20g:yLi" phosphors show that Dy3+ emissions can be enhanced with the increasing
codopant Li* content till y = 0.22. By simulation of white light, the CIE of the investigated phosphors can be tuned by varying the content of Li*
ions, and the optimal CIE value (0.300, 0.298) is realized when the content of Li* ions is y=0.22. All the results imply that the

Cay 95_,Dy(0sB206:yLi" phosphors could be potentially used as white LEDs.

© 2011 Elsevier Ltd and Techna Group S.r.l. All rights reserved.
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1. Introduction

As a potential candidate for replacement of conventional
incandescent and fluorescent lamps, white LEDs have received
extensive attention in recent years due to the advantages of long
lifetime, saving energy, high efficiency, reliability and its
environmental-friendly characteristics [1-3]. The most popular
method to achieve white LEDs is phosphors-converted LEDs
that use phosphors to convert the radiation of a near-ultraviolet
(n-UV) or blue LED chip into white light. Currently, although
two-band white LEDs using yellow-emitting YAG:Ce phos-
phors pumped by blue chips are dominant products in the
market and white light is easily achieved by this method [4],
several disadvantages appear for the practical application,
including low colour rendering index and blue-halo effect for
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the lack of sufficient red emission [5,6]. Moreover, the observed
white light varies with both the applied voltage of blue chips
and the thickness of YAG phosphors, which results in its poor
colour reproduction. Therefore, the design of some novel
phosphors pumped by n-UV chips (350-410 nm) is of
significance for white LEDs [7-9].

The borate-based phosphors have been of interest for using
as a plasma panel display [10], the detection of dose of various
energetic radiations [11] and white LEDs [5,12] in view of their
large band-gap, low cost, excellent physical and chemical
stability. The crystal structure of Ca3;B,0q was reported to
crystallize in the trigonal/rhombohedral system with a space
group of R—3C and the lattice parameters are a = 8.6377 A,
b=28.6377 A and c = 11.849 A by Vegas et al. [13]. Recently,
the luminescence properties of rare-earth-doped Caz;B,0q
phosphors [14,15] and single crystal [16—-18] have attracted
intensive attention for their application in lamps, optical
communication and scintillation fields, respectively. On the
other hand, the visible luminescence of Dy>* (4f”) ion mainly
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consists of two intense bands in the blue and yellow regions,
which are associated with the *Fo/, — ®Hjs/» and *Fo;» — ®Hj 5/
, transitions, respectively. The latter one is a hypersensitive
transition, which is strongly influenced by the environment
[19]. Namely, at a suitable yellow to blue (Y/B) intensity ratio,
Dy** ions will emit white light. Thus, luminescent materials
doped/codoped with Dy** ions are usually chosen to generate
white-light [19-22]. To the best of our knowledge, there is no
study on the luminescent properties of Dy>* in Ca3B,0¢ host
lattice. Herein, in the present work, luminescent properties and
simulation of white-light for both Ca3,xB206:ny3+ and
Cay 95, Dy0.05B206:yLi" phosphors were investigated in detail
by XRD, SEM and PL spectra, and the enhanced luminescence
of Ca, 95Dy 0sB20g by codopant Li* were also discussed.

2. Experimental

Powder samples with stoichiometric composition of Caz_,.
B,0¢:xDy**(x = 0.0, 0.105, 0.205, 0.305, 0.07, 0.075, 0.09 and
0.105) and Cay g5 ,Dy005B206:yLi" (y = 0.0, 0.04, 0.10, 0.16,
0.22, 0.28 and 0.34) phosphors were synthesized by high
temperature solid-state route. Raw materials of CaCO3, H;BOs;,
Li,CO;5 (Shanghai Chemical Reagent, A.R. grade) and Dy,0;
(Shanghai Yuelong New Materials Co. Ltd., 99.99%) were mixed
thoroughly in an agate mortar. The amount of H;BO; was excess
of 5% to compensate its evaporation losses during the synthesis
process. The well-ground mixtures were prefired at 700 °C for
60 min and subsequently calcined at 1100 °C for 300 min in air,
then cool down naturally to room temperature.

The phase purity of the as-synthesized phosphors was
investigated by X-ray powder diffraction spectroscopy (XRD)
with a X-ray Diffractometer (Brucker D8) with Cu-Ka radiation
at 40 kV and 40 mA. The XRD patterns were collected in the
range of 25° <26 <80°. The particle size and surface
micrograph were observed by a scanning electric microscopy
(JEOL, JSM-5510). The PL and PLE spectra were recorded on a
luminescence spectrometer (Perkin-Elmer LS55), equipped with
a 450 W xenon lamp as the excitation source. All the
measurements were carried out at room temperature.

3. Results and discussion
3.1. Crystal structure and XRD analysis

The crystal structure of CazB,Og in rhombohedral repre-
sentation is shown in Fig. 1. The basic elements of the structure
are columns of calcium polyhedrons, with the coordination
number (CN) with respect to oxygen equals to eight. All oxygen
atoms coordinating calcium atoms enter the composition of
nearly planar BO5>~ groups isolated in the structure. It is well
known that an acceptable percentage difference in ion radii
between the doped and substituted ions must not exceed 30%
[23], which suggests that both Dy>* (1.027 A, CN = 8) and Li*
(0.92 A, CN = 8) ions may prefer to substitute eight-coordinated
Ca®* ions (1.12 A, CN=8) rather than B** (0.15 A) in the
studied Caz;B,Og host lattice. Therefore, the general formula of
the investigated phosphors is described as Cas_,B,O¢:xDy"" and

Fig. 1. Crystal structure of Ca;B,0g.

Ca2_95_yDy0.05B206:yLi+, respectively, where y denotes the
substitution ratio of Dy** and Li* for Ca®* ions.

The representative XRD patterns of the
Cay 95Dy 0sB20g:yLi" phosphors with y=0.0, 0.10, 0.22
and 0.34 are shown in Fig. 2. The diffractograms for all samples
are similar and agree well with Joint Committee for Powder
Diffraction Standard titled 26-0347 (Ca3B,0g), indicating that
samples are of single pure phase. The substitution of Ca>* by both
luminescence center (Dy>*) and charge compensator (codopant
Li") do not significantly influence the crystal structure, which
clearly suggests that the dopant ions have been incorporated into
the host lattice. Meanwhile, the full width at half maximum
(FWHM) of the (1 1 3) peak near 30° is 0.178, 0.172, 0.164 and
0.174 for various Li* contents of 0.0, 0.12, 0.22 and 0.34,
respectively. The decreased FWHMs in the XRD patterns with
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Fig. 2. XRD patterns of the standard data for Ca;B,0O¢ and the representative
Cay 95_,Dy005B206:yLi" phosphors. (a) JCPDS 26-0347, (b) y=0.00, (c)
y=0.10, (d) y=0.22 and (e) y = 0.34.
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the elevated Li* content till y =0.22 show that the y =0.22
sample has the best crystallinity. However, the FWHMs of the
investigated phosphors increases when the Li* content exceeds
0.22 mol, implies that the crystallinity begin to get worse.

3.2. SEM analysis

The effect of codopant Li* ions on the surface morphology
evolution for Ca2495_yDyo_o5B206:yLi+ phosphors is shown in
Fig. 3. With respect to Fig. 3(a), whose grains agglomerate
apparently, the grains in Fig. 3(b)—(d) get larger and more fine-
shaped particles appear with the increase of Li* content till
y =0.22. The worse crystallinity of the y = 0.34 sample can be
clearly observed, which are in line with the XRD pattern results.
Both XRD and SEM results indicate that the crystallinity of the
investigated phosphors can be controlled by adjusting the
content of Li* ions, and the best crystallinity is found in the case
of y =0.22 samples.

3.3. Luminescence properties

3.3.1. Cas_,B,04:xDy’*

Fig. 4 shows the PLE and PL spectra of Ca3_xBZO6:ny3+
(x = 0.0 and 0.05) phosphors, respectively. As shown in Fig. 4(b),
the PL spectrum of Dy>* ions consists of three emission regions:
blue, yellow and weak red emission regions. The blue emission
between 435 and 500 nm is assigned to the transition of Dy>* ions
from the *Fo, to the °Hjs) ground state, while the yellow
emission is observed in the wavelength region 555-595 nm,
corresponding to the “Fo» — ®Hy3p optical transition of Dy3+
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Fig. 4. PLE (A =575nm) and PL (A =350nm) spectra of Caz_,.
B206,:ny3+ phosphors (a) x =0.0 and (b) x = 0.05.

ions. The red emission in vicinity of 661 nm (plotted by a factor
of 10 in the wavelength 640—680 nm) is associated with the “Fy,
> —%H1p optical transition. It is well known that the blue
emission is of magnetic dipole origin and the yellow one is
predominant only when Dy>" are located at low-symmetry sites
with no inversion centers [21]. Since emission intensity of the
blue emission is stronger than that of the yellow one in the
investigated phosphors, which suggests that there is very little
deviation from inversion symmetry in the investigated phos-
phors. It is noteworthy there exists a broad emission centered at
416 nm in the blank phosphor (x =0.0), and the emissions of
Dy**-doped phosphor (x=0.05) superposes the mentioned
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Fig. 3. SEM images of Ca, 9s5_,Dy0.0sB206:yLi" phosphors (a) y = 0.00, (b) y =0.10, (¢) y =0.22 and (d) y = 0.34.
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broad emission. The results is very similar with that of
(Zn;_,Tm,),P,0; phosphors [24], but its origin needs further
understanding.

As shown in Fig. 4(a), the excited bands centered at 324 nm
(6H15/2 - 4Ml7/2)5 350 nm (6H15/2 - 4M15/2v 6P7/2), 366 nm
(6H15/2 - 4I1 112), 387 nm (6H15/2 - 4I13/2, 41:‘7/2), 427 nm (6H15/
»—*Giip), 448nm (“Hysp — “Iisp) and 474nm (°Hs
5 — 4F9,2) are observed when monitoring the 575 nm emission
of Dy** ions. The profiles and position of these excitation peaks
are not significantly influenced by various concentration of Li*
ions due to the 4f° electronic configuration of Dy** ions, and
some strong excitation bands locating in the wavelength 350—
410 nm imply that Dy** is of significance for n-UV white LEDs.

Fig. 5 shows the PL spectra of Cas_,B,O¢:xDy>* phosphors
excited by 350 nm light. The PL intensity of both blue and yellow
emissions increases with the growing content of Dy jons until
reaching a maximum at x = 0.05, and then it decreases because of
concentration quenching, as shown in the inset of Fig. 5.

The concentration quenching of the luminescence is due to
the energy transfer from one activator to another until all the
energy is consumed. For this reason, it is necessary to obtain the
critical distance (R.) that is the critical separation between
donor (activators) and acceptors (quenching site). The critical
distance R, of the energy transfer between the same activators
Dy** in Cas_,B,0¢:xDy>* could be estimated according to the
following equation [25]:

1/3
2( 3v ) 0
dwx.N

where x. is the critical concentration, N is the number of Ca**ions
in the unit cell and Vis the volume of the unit cell. By taking the
experimental and analytic values of x., N and V (0.05, 8 and
255.204 A3, respectively), the critical transfer distance of Dy** in
Ca3,xB206:)ch3+ phosphors is estimated to be about 10.68 A.

The energy levels of Dy’* ions and visible emission are
depicted in Fig. 6 according to the calculated data of energy
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Fig. 5. PL spectra of Cas_,B,0g:xDy>* phosphors excited by 350 nm light.

The inset shows the concentration dependence of Dy3+ 575 nm on codopant
Li* ions.
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Fig. 6. Energy level diagrams, visible emission transition for Dy>*, and the
resonance energy transfer among Dy>* ions.

levels by Carnall et al. [26]. When the 4f higher energy level of
Dy** ions is excited by 350 nm n-UV light, the initial
population relaxes to the lower energy levels until it arrives at
the “Fy,, level by phonon-assisted process, then it give rise to
the blue and yellow light as well as weak red emissions. With
the elevated Dy3+ content, these characteristic emissions
increase firstly before quenching concentration at x = 0.05,
and subsequently decreases dramatically exceeds this critical
concentration.

3.3.2. Caz,95,_VDy0,053206.‘yLi+

Fig. 7 displays the PL spectra of Caj gs_,Dy005B20g:yLi"
phosphors. It is remarkable that both blue and yellow emission
intensity of Dy>* ions increase with the increasing content of
Li* till y = 0.22, the emission intensity begin to decrease when
the Li* content exceeds 0.22 mol. The strongest 575 nm
emission intensity of the y = 0.22 phosphor is observed about
six times higher than that of the sample without codopant Li*.
The enhanced luminescence of the studied phosphors, in our
opinion, may be associated with both the flux effect and charge
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Fig. 7. PL spectra of the Ca2‘95,}.Dyo‘osBzoﬁzyLiJ' phosphors excited by
350 nm light.
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balance principle of Li* ions. On one hand, better crystallinity
has been confirmed by XRD and SEM results (Figs. 2 and 3)
with the growing Li* content till y = 0.22, leading to a lesser
number of defects and stronger luminescence. The flux effect of
the codopant Li* ions in luminescent phosphors has been
testified elsewhere [27,28]. On the other hand, it is commonly
accepted that some kinds of structure defects may form during
the material synthesis at high-temperature. When Dy>* is
incorporated into Ca3zB,Og host, it substitutes for a Ca* ion,
which may induce structural defect Dyc,*. According to the
principle of charge balance, the introduction of Dy’* in
Ca3B,0¢ should lead to the appearance of calcium ion vacancy,
which can be expressed as the following equation:

2Dy}, +3Ca" — 2Dy, + V¢, @)

Generally, this negative vacancy is deleterious to the
luminescence intensity of the Dy>* ions because the energy
transfer from the luminescence centers to the vacancy defects
becomes more effective [29]. It is reasonable that in Fig. 7 the
lowest intensity is observed for Caj95Dyg05B20g (¥ = 0.0).
The incorporation of Li* ions can neutralize the charge and
prevent this vacancy formation. Charge balance is now attained
via Eq. (3):

Dyp, + 2Cag, + Lij; — Dyc,* + Li, 3)

Thus, the introduction of Li* ions leads to the decrease of
non-radiative transition probability and significantly increases
the emission efficiency of Dy**-doped Ca;B,O, phosphors, as
illustrated in Fig. 7.

It is well known that the blue emission is of magnetic dipole
origin and the yellow one is electric dipole origin. The yellow
(*Fo/» — ®Hj3/) emission is predominant only when Dy”* ions
are located at low-symmetry sites without inversion centers [21].
However, if the predominant emission is the blue one, it is an
indication that the ligand-field deviates from inversion symmetry
in the host. In order to learn the surrounding environments of
Dy**ions, the peak intensity ratios of yellow to blue emission (Y/
B) are calculated from their PL spectra and presented in Table 1.
In contrast to the sample without codopant Li* ions, it is
interesting that the yellow emission intensity begins to dominate

Table 1

Integral intensity ratios of yellow to blue emissions and chromaticity colour
coordinations for Ca, g5_,Dy00sB204:yLi" phosphors by 350 nm light excita-
tion.

Ca2495,yDy0_05B206:yLi+ Y/B ratio
Colour
coordination

Peak intensity Integral intensity X y
a y=0.00 0.758 0.556 0.259 0.232
b y=0.04 0.839 0.611 0.260 0.235
c y=0.10 0.990 0.749 0.291 0.276
d y=0.16 1.041 0.841 0.286 0.273
e y=0.22 1.188 0.990 0.300 0.298
f y=0.28 1.152 0.992 0.299 0.296
g y=0.34 1.212 1.000 0.299 0.295
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Fig. 8. Peak intensity ratio and integral intensity ratio of Y/B for
Cay 95_,Dy0.0sB206:yLi" phosphors.

obviously over the blue one when the content of Li* ions exceeds
0.16 mol, and the peak intensity ratio of the yellow to blue (Y/B)
increases with the increase of Li* content, as also shown in Fig. 8.
With the increase of Li* content, the predominant emission from
blue to yellow zone implies that the surrounding environment of
Dy>* ions may have been changed remarkably. However, as
depicted in the crystal structure of the CazB,Og, there exists only
one calcium ions site with eight oxygens coordination. The
possible mechanism of such a change is in progress.

3.4. Simulation of white light

For comparison with the peak intensity ratio of Y/B, the
integral intensity ratios of Y/B in the Ca, 95— ,Dy00sB20g:yLi"
phosphors are presented in Table 1. It is found that the integral
intensity ratios of Y/B increase with the additive Li* ions. The
change in the Y/B ratio is attributable to the change of the
environment around Dy’ ions as it involves a hypersensitive
transition 4F9/2 —°H 132 With AJ = 2. It is worth to note that the
Y/B ratios change little after concentration quenching indicating
that the environment of the Dy>* ions may be less influenced due
to the cluster of the Dy** ions after concentration quenching [30].

The variation of Y/B intensity ratios indicates the feasibility of
the generation of white light in the investigated phosphors. The
chromaticity colour coordinates for Cay gs_,Dyo0sB20g:yLi"
phosphors are simulated and also listed in Table 1. The
corresponding Commission International de I’Eclairage (CIE)
1931 x—y chromaticity diagram are presented in Fig. 9, and the
inset simultaneously shows the enlarged spectrum for colour
coordinate (x) value from 0.255 to 0.305. With the increase of Li*
ions, the chromaticity colour coordinates can be tuned efficiently
from the border of white region to its equal-energy white light
point. The best value (0.300, 0.298) is achieved when y = 0.22,
which implies that the investigated phosphors can be potentially
used as white LEDs.

4. Conclusions

In summary, novel Ca3_xB206:ny3+ and Ca;o5_,Dyg .05
B,0¢:yLi* phosphors for white LEDs have been successfully
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Fig. 9. CIE coordinate diagram of Cags_,Dy¢05B2Os:yLi" phosphors by
350 nm light, the inset shows the enlarged spectrum for colour coordinate
(x) value from 0.255 to 0.305.

synthesized and their luminescent properties been investigated.
Better crystallinity and perfect microscopy can be controlled by
codoping with proper Li* ions. The PL results of Ca;z_,.
B,O0¢:xDy** phosphors shows that the strongest luminescence
is x = 0.05, and its emission intensity can be further enhanced
about six times by codoping with 0.22 mol Li*. The enhanced
emission of Dy3+ ions in Ca3;B,Og¢ host is attributive to both the
flux effect and charge compensation of Li* ions. The
corresponding colour coordination can also be efficiently
tuned by controlling Li* content, and the optimal CIE value
(0.300, 0.298) is realized when y = 0.22. It is close to the equal-
energy white light point (0.333, 0.333), which implies that the
investigated phosphor can be potentially used as n-UV white
LEDs.
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